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Probably t.he most' serious failure in the pre~ent. day kineti,c theory 
of gases is the question of how to treat the internal degrees of freedom 
in the calculation Qf ttansport'properties .. Because we do not under-, 
stand the excitation. of vibration and rotation, we cari.not'predict gas 
viscqsity, thermal conductivity, or even the velocity of sound. In the 
gas phase, energy is transferred from the translational.degrees of free-
dom to the internal degrees of freedom during collisi'ons; Since the 
dynamics of such encounters determine various properties of the gas~ 
these same properties. can be studied to gain soill.e, insight into the dy-
namics of the collisions~ Based upon the physical insight "obtained from 
various mea~µrements, a theoretic~! model of the collision can be fonnu-. 
lated. Such a model.can be tested by further measurements, and.hope-
fully a modeL will evolve which will correlate all transport properties. 
Landaµ and Teller (L-T)(l) computed ·the probability of energy 
transfer between the vibrational degree of freedom and translation (v-:t) 
during a collision using tiill.e dependent perturbation theory and assuming 
that·the intermolecular potential is repulsive varying exponentially 
with the distance between colliding molecules. Their results indicated 
that as the static temperature (T) of·a systei;n increases~ the probability 
of transferring energy from translation to the vibrational degrees of 
1 
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d . c-V3 free om should increase as exp T ). They further found that as the 
mass of the colliding molecules increases, the probability of energy 
transfer should decrease. More sophisticated v-t theories give results 
with the same general characteristics. Although v~t theory has been 
very successful in predicting most experimentally measured transition 
probabilities, in the past twenty years different investigators have 
found evidence that a few molecules do not follow the predictions of 
Landau-Teller theory. 
As early as 1953 it was found that as the static temperature of 
H20/C02 mixtures was increased, the co2 vibrational transition probabil-
ities for C02 - H20 collisions decreased in direct violation of L-T 
theory. It was also noted that the calculated transition probabilities 
were much lower than those measured. For many years, these discrepancies 
were attributed to some chemical affinity between the co2 and H2o mole-
cules (2). This explanation was generally accepted until 1967 when 
Shields and Burks(3) made. measurements in co2;o2o mixtures and found a 
similar temperature dependence and unusually high transition probabili-
ties. Shields and.Burks were able to account for the high transition 
probabilities and the negative temperature dependence using a collision 
model in which energy was transferred from the vibrational degrees of 
freedom to the rotational degrees (v-r). This concept of a v-r energy 
transfer was certainly not new. Millikan and Osborn(4) had already es-
tablished that the rotational state of colliding molecules affected the 
probability of transferring energy into the vibrational mode. In addi-
tion, Cottrell and several co-workers(S, 6) had independently established 
the presence of v~r energy transfer by compari:ng the relaxation times of 
various hydrides with their deuterides. Moore (7) elaborated on their 
3 
work and established several criteria for the dominance of v-r energy 
transfer. 
Although the concept of v..:..r energy transfer was not.new, Shields 
and Burks' use of v-r theory to explain the temperature dependence of 
co2/H2o and co2/n2o transition probabilities was a significant achieve-
ment in the underst~nding of energy transfer. Recently, Sharma has 
applied a much more sophist:i,cated theory .to the C0z1N2 (S) and CO/H2 (9) 
systems and has found that v-r exchange is important in determining the 
temperature dependence· of the transition ptobabili ties. The formulation 
of a fairly reliable v-r theory still left .several questions unanswered. 
One such question is: If v-r transfer leads to the unusual temperature 
dependence in co2/impurity mixtures, why is a similar dependence ob-
served in other molecules which do not meet Moore's criteria for v-r 
energy transfer? Another question is: Why do some molecules which meet· 
all the criteria for v-r energy transfer follow the temperature depend-
ence predicted by L-T theory? These and other questions prompted this 
investigation. 
Purpose and Scope 
The purpose of this investigation was to study the role of v-r 
energy transfer and intermolecular potentials in determining the temper-
ature dependence of the vibrational transition times. Iri. order to ac"'." 
complish this object,ive, it was decided to measure the ultrasonic ab-
sorption. Rather than make measurements on a large number of molecules 
trying to find ones which exhibit the strange temperature dependence de-
sired, a few molecules with varying intermolecular forces and moments of 
inertia were.chosen. This group was cl:iosen to include molecules which 
meet Moor~'s criteria for v-r energy transfer with both small and large 
dipole moments and.molecules which do not meet Moore's criteria but do 
have large dipole moments. The effect of presumed v""'r transfer and di-
pole·moments could.then be.determined by a process of elimination. 
First, a molecule was.needed which exchanges energy by v-r but has 
no dipole moment. This molecule would be used to illustrate the effect 
of v-r energy transfer on the temperature dependence of the vibrational 
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transition probal:>ilities. Methane was chosen for this molecule.. It has 
no permanent dipole moment and the dominance.of v-r energy transfer has 
been established by Cottrell(S). Second, a molecule was needed which 
exchanges energy v-r and has a large dipole moment. By comparing the 
temperature dependence of the vibrational relaxation time of this mole-
cule with that of ca4, since .both exchange energy v-r, ·the effe.ct of the 
dipole moment on such a transfer could.be isolated. Two molecules were 
chosen for this comparison; NH3 and H2S. The presence of v-r transfer 
hasn't been established in these two molecules but both meet Moore's 
criteria for the .dominance of such a process and both have permanent 
dipole moments of different magnitudes~ A fourth molecule was required 
which has a large dipole momel;lt and.exchanges energy v-t. By comparison 
with H2s and NH3, which als.o have large dipole moments but exchange 
energy v-r, the effect· of· the energy transfer process. (v-r or v-t) on 
the temperature dependence of, the vibrational.transition probabilities 
could ,be isolated, Two molecules were also chosen for this comparison; 
so2 and CHF3 • 
Many other molecules such as H20, n2s, n2o, AsH3, PH3; and SbH3 
could have been used in place of H2S and NH3• The latter were chosen 
for a variety of reasons. AsH3 and PH3 are deadly and highly explosive. 
D20 and n2s are expensive, ·and H20 requires special gas·handling equip-
ment if reliable res.ults are to ·be obtained. 
Once the above molecules were selected, a secondary inves:tigation 
of interest was decided upon; an inves:tigation of the temperature, de-
pendence of the rotational relaxation times of polyatomic polar mole-
cules. Actually, this investigation was·a bonus since the rotational 
relaxation tililes had to be detenniQ.ed in. the coutse of the vibrational 
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experiment anyway. Four· of the molecules selected have.large dipole mo-
ments and their relaxation times were used.to determine the applicabil-
ity of Zeleznik's(lO) theory of r-t energy transfer·to polyatomicpolar 
molecules. Evans(ll) confirmed that this theory gives.acceptable re-
sults for two diatomic'. polar molecules and although Zeleznik's theory is 
only derived for the diatomic:case, he has generalized it to include 
polyatomi,cs. 
Discussion 'of .the Remainder of the Thesis 
The necessary theory for understa~ding the experimental results is 
presented in Chapter II. ·The chapter star:ts with a few basic defini-
tions which relate the experimentally determined relaxation times to.the 
theoretically calculated: collision n\imbers. Next, the experimental 
method along with capabilities, and limitations is discussed. The equa-
tions used to reduce the experimental data and.assumptions made are pre-
sented. Finally, the different types of energy transfer theories are 
discussed with special emphasis placed on the temperature and mass de-
pendence of the calcl,llated transition probabilities. 
The experimental data is presented i,n Chapter I!I. The meth.od used 
to extract relaxation times from experimental absorption data and the 
method used for error analysis are discussed. Next the· experimental 
results are given. along with a brief discussion of previous results. on. 
the gas and reasons for any· discrepancies. 
The conclusions from this investigation are given in Chapter IV. 
The experimental results of Chapter III are examined.in light of the 
theory presented in Chapter II and conclusions as· to the applicability 
of this theory .are drawn. Theappendicies contain information on the 
experimental method and a derivation of the equations which relate ul-
trasonic absorption and velocity to molecular constants and relaxation 






When experimentally determining the probability of transferring 
either rotat::l.ona]. or vibratianal energy during a molecular collision, · 
there are two problems which must be solved~ First, a suitable experi-
mental method must be devised which measures some quantity which is de-
pendent upon the dynamics of the collision. Secondly, the experimental 
results. must be analyzed to give parameters which can be theoretically 
calculated to confirm or disprove particular collision models. In ul-
trasonic absorption measurements, the quantities measured are the re-
ceived signal strength and path length. These quantities can be used to 
calculate the coefficient of absorption at various pressures. Ideally, 
theoretic~! calculations·based on an.assumed collision model would yield 
absorption coefficients as a func~ion of pressure. In practice, a more 
indirect method is used to relate theory to experiment. 
Ultrasonic absorption can be related to the vibrational and rota-
tional relaxation times using the theory given in the next section! 
Usually, rather than relaxation times, theoretical calculations give the 
probability of transferring a quantum of energy during a collision (P 10 ). 
In order to relate P10 to the relaxation time 8, the collision frequency 
must be determined. If this latter quantity is called M, then for an 





• · (MP10) (1-exp(-hv/kT)) (1) 
where v is the frequency of vibration. For rotational energy transfer, 
the exponential factor is omitted. This form is somewhat different from 
that used by Herzfield and'Litovitz(lJ) who omit the exponential factor 
and instead include this factor in the theoretical expressions for P10 • 
The collision number. Z, is l/P10 • There. are many theories for obtain-
ing P10 assuming various models for the collision, however, for polar 
molecules the term M is very poorly defined. Most investigators obtain 
M using a "hard spheres" collision model and experimental viscosity 
values. This method gives 
M = 1.271 P/n (2) 
where n is the viscosity and P is the pressure. This expression is 
probably not.very accurate for molecules which interact via long range 
angle dependent forces. It does, however, represent the best available 
expre~sion for the collision frequency and gives'results which are 
directly comparable to the work of previous investigators. 
Calculating P10 using one model, calculating M using a "hard 
spheres" model and then comparing experimental collision numbers to 
theoretic~l ones is very discomforting. An alternative method was used 
by Raff and Winter(l4) when calculating velocity dispersion due to ro-
tational relaxation. This method relates theoretically derived rate 
constants directly to velocity dispersion thus eliminating the need for 
a collision frequency. This method is far superior to that outlined 
above provided the theoretical expression for the rate constants is 
correct. If these constants are not accurately known, it is often more 
9 
convenient and just as meaningful to relate experiment and theory to one 
quantity, Z, and then see how this quantity varies .with physical para ... 
meters both theoretically and experimentally. Hopefully, this process 
will allow incorrect collision models to be eliminated making a more 
exact comparison between experiment and .theory possible• 
Experimental Determination of Relaxation Times Usil;lg Ultrasonics 
Prior to measuring relaxation times acoustically, several factors 
affecting the use of ultrasonic absorption at\d velocity dispersion data 
to obtain relaxation times had to be considered. First, the decision 
had to be made whether to place emphasis on absorption.measurements or 
. . 15 16 . . 
velocity measurements~ Several authors ' have pointed out .that ab ... 
sorption measurements are best sui,ted for the analysis of multiple re ... 
laxation processes. Since this investigation involved such processes, 
the decision.was made to emphasize absorption data. 
There are several types of instruments which can be used·to measure 
ultrasonic absorption(l2). The two most.connnon·are the.ultrasonic in-
te:rferometer and the ultrasonic spectrometer. The interferometer con-
sists of a sending.transducer.and a reflector or receiving transducer. 
Standing waves are set '·up between the sender. and reflector. whenever .. the 
pathlength is an integral mim.ber of ha:lf .... wavelengths ~ The wavelength is 
measure4 by moving the.reflector or transducer and observing the input 
impedance of the transmitter or the received signal strength. When a 
standing wave condition is reached, the current through the transducers 
changes sharply giving a series of voltage spikes as a function of path 
length~ The absorption is determined by measuring the magnitude of these 
spikes. The interferometer is characterized by highly accurate velocity 
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measurements. Accurate absorpt,ion coefficients can a·;tso be obtained pto~ 
vided the sending transducer andreflector·are held parallel with a high 
degree of precision<12>. 
An ·ultrasonic:spect;,rOm.eter· is very·similar in design to an inter-
ferometer~ The.primary design difference is the reduced requirement.on 
transducer parallelism. · The spectrometer opel'.ates ~ith path, lengths 
large enough so that all. reflected waves· ar~ absorbed befo.re reaching 
the receiving transducer, i.e.,· out of :the standing wave region. .In 
this region, the abs.orption is· related simply to the path .length· and 
observed signal strength. The spectrometer, then, is characterized by· 
precise absorption i;neasuremel).ts which makes it ideally suited.for this 
investigation. Accµrate velocity measµre~nts· can be made; however, the 
accuracy is not comparabl~ to that of ari. interferometer due to the 
shorter. path .length ·variation experimentally attainable. 
Cons:J.der.an ultrasonic.spect.r6meter consisting of a sending trans-
ducer and a receiving tran~ducer separated by a distance x. Let ~ be 
the absorption coefficient~ An acoustic wave transmitted.from the send-
er will be partially received by the receiving transducer ari.d ,partially 
reflected. The reflected parp -i;nay ·also 'be. partially reflected back· to 
the'. receiver whe:i:e it will add to the or:f,.ginally received.,wave.with a 
phase factor detepnined by the velocity and·x. This reflected wave will 
have travelled a path length ·:2x · greater tha1.1 tlie original wave. In order 
ta ass.ure. that the recorded signal at the transducer is not affected by 
a reflected wave, the reflected signal· should .. be ·very small cQlllpared to 
the direct· signaL A 10% reflected wave~ i.e;, .I (reflected) /I (original) 
• ~l will make the·record~d signal vary by-plus or:minus 10%, depending 
on the phase angle 'between the two s:f,.gnals ~- An error of 20% will be 
11 
introduced into the absorption m.easur~enL In ord,er to achieve a 10% 
reflected wave, ax must.be equai to 1.15 which means that the 'intensity 
at the separation which just meets the 10% criterion has been attenuated 
about 10 db before attenuation measurements· can begin~ At high f/P values, 
10 db may represent.the entire signal. 
At first glance, it ·might appear that as the absorption increases, 
the minimum allowable rod separation decreases.accordingly thus allowing 
absorpt~on measurements at very high attenuations out of the standing 
wave region. In fact, the acoustic.signal introdticed'into'the gas.de..;, 
creases as the pressure is decreased.due to the acoustic mismatch at 
the gas-transdUCE!r boundary. This effect adds to the increase in atten.., 
uation at: high f/P values, At :very high values .of f/P,, the absorption 
no longer increases with decreasing pressu?:"e. The observed signal, how-
ever, continues to decrease due.to the increased.impedance mismatch, At 
zero pressure, the attenuation is zero, however, the impedance mismatch 
is infinite allowing no signal to be introduced into the gas.-
One way of overcqming the problem of stat;tding waves is to use a 
pulsed signal. A short pulse train is transmitted and before the re-
flected wave.can reach the receiver, the pulse is terminated. The 
original wave can then be observed separately from the reflected wave 
provided the pulse length does not allow a standing wave, and provided 
the time between pulses allows time for aJ_l'reflections to be absorbed 
or received. The pulse method also allows separation of .the acoustic 
signal which travels a short distance through the gas and the mechanical 
signal.which travels a greater.distance through the base of.the instru.., 
ment. A pulsed spectrometer was used in this investigation. 
The use of absorption data to analyze relaxation processes is very 
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limited. The longest relaxation time which can be measured using this 
technique is governed by the diameter-of the transducers and quartz 
coupling rods available. In order'to generate plane waves· for which the 
theory is applicaqle the wavelength .of' sound in the crystal must be much 
less than the diameter of the faee of the e·rystal. Quartz rods are only 
available up to about l" in diameter which means the frequency must be 
about 1 MHz. f/P values. less than 1 MHz can be obtained by pressurizing 
the system. Pressurization is limited by safety requirements, construe..., 
tion of. the instrument, and charaeteristics of the gas used, i.e., vapor· 
pressure, reactivity, etc. 
The shortest relaxation time which can be measured is determined by 
the classical absorption of the gas compared to the relaxation absorp-
tion at the f/P for maximum relaxation absorption. If ·the relaxation ab-
sorption is less than -10% of the total meaf?uted absorption, it ·will be 
less thanthe experimental error at high f/P values and will be masked· 
in the experimental scatter. A statistical analysis of many data points 
may give reliable results even when the relaxation absorption is slightly 
le51s than the experimental scatter. A more quantitative discussion is 
given in the section on experi:tnental error. 
To illustrate the above situation, consider a relaxation process 
where the relaxing specific heat is 3/2·R (rotational relaxation of a 
polyatomic.molecule) and the relaxation time is 10-lO sec. At 100 MHz, 
let us say the classical absorption is 1,000 db/inch. ·The relaxation 
absorption at this frequency would be much less than 10 db/inch since 
the maximUll!- which occurs around 200 MHz is only about 10 db/inch. If 
-9 the relaxation time were 10 secon~s, the relaxation peak could be.ob-
served and the relaxation time nieasare(;l. Aithough the numerical values 
13 
used here are hypothetical, they are of the correct order of magnitude. 
It is shown in Appendix C that the experimental absorption can be 
related to the relaxation times of the various processes present by the 
expression 
' C' n c. n 
c + E 1 c + .El 1 k2 po v i=l l+iwi. p v 1= l+iw·r. 
= -{ ·. l.} -2. { 1} . 
2 BT - n Ci' B n C' w T C + ·i c + i~l l+iw•. . El l+iw•. p p 1• . 
1 1 
{ 1 1 } iWk2 iw . 4 Po 
c~ C' - -n-n 1 n 1 3 B 2 C + .E1 l+iw1:. c + .El l+iw•i T v 1= p 1= 
1 
(3) 
n C' n C' 2 
i /c :i. {c + i~l + i~l l+iw•. } v l+iw•. p 1 . 1 
where k2 = (w/v - ia) 2 
a = coeff;i.cient of absorption 
Po = static density = w./v 
Bt = P (a PI a p) T = RT /M 0 
C = constant volume specific heat .. of translation = 3/2 R 
v 
c = constant·pressure specific heat of translation = 5/2 R p 
C' = specific heat of ith internal mode i 
w = angular frequency of acoustic wave 
w = vm./p w 
0 
A. = thermal conductivity 
m mass 
'i = relaxation time of ith internal mode 
The specific heat· of. rotation was set equal to 3/2 R.i. Using the 
n· 




l+iw't'ij}.When only one vibrational relaxation tim~ was, observed, which 
indicated vibration relaxed in series, Cvib/R was set equal to Cp/R~4 
(18). 
Following the example-of Mccoubrey (12), the llleasu:ted vibrational 
relaxation ti~e 't'vib was related to the relaxation time of the lowest 
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where 6 = characteristic temperature of vibration. Shields (19) has 
examined the accuracy of Equation 4 and has found it to be acceptable 
provided v-v transfer is at least as fast as v-t. The rotational re~ 
(4) 
(5) 
laxation time, 't'rot = Srot• Using these equations and Equation 1 and 2, 
the transition probability can be-calculated from the absorption data. 
A tletaile~~description of the method used in these calculations is given, 
in Chapter III. 
Vibration-Translation_Energy Transfer 
Since 1950, a great deal of work on theoretical calculations of v-t 
transition probabilitie~ has been. published. The most noted of the early 
works was due ~o Landau and Teller (1), This theory employs time de-
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pendent perturbation theory to calculate the transition probabilities. 
Using this theory, if I St 12 = probability that an os.cillator will be in 
the state k ~t time t~ then 
dSc. 
dt = (6) 
where. vk.e. = <ljJkolH' (t) liJJ.e,o> 
1jJ 0 = unperturbed eigen·function of the oscillator in state i i. 
H' (t) = perturbing Hamiltonian 
Ei = energy of the vibrator ·in quanturil. state.i. 
The· semi-classical approximation.is next made by assuming that:H'(t) can. 
be expressed in terms of the time varying coordinates obtained by solving 
the. classical equations of motion~ Once this approximation is made, 
Equat;iot;1. 6 which represents N··coupled different:!-al equations can be 
solved numerically for special cases or further assumptions can be made 
to arrive at :an analytical.solution. Landau and Teller assumed that the 
oscill,.ator:was initially in:statem so cm(t=O) = 1 and c1 (t=O) = 0 for 
1 ~ m. For this case, Equation 6 can be written as 
(7) 
where hv = ~ - E~. 
Th.e differential ~quations. are· no longer coupled. Following the treat-
tnent of L.~ndau and. Teller, V is ,writteIJ. as V = xF(t) where 'Flt) is the 
perturl;ling force due to an .. incoming atom or molecule and x is the dis-
placement of the oscillator~ . Equation 7 then becomes 
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2 1 2 2 ~. = h2 l\tkf £: F(t) exp[2'ITivt]dt (8) 
In order to arrive at an analytical form for the probabilities, 
Landau and Teller assil.med an exponential form of the .intermolecular 
potential 
V(r) • A. exp (-a.r) - µ exp (..,~ a.r). (9) 
and were able to show that 
(10) 
where y* = (2'IT 4 mv2/a2 kT)l/ 3 
32'IT 4 
2 - 2 
B "" m ... "/ha. M) ·- .ii 
v* = ( 4·rr2 kTv I a.M) l/ 3 
M! =. reiuced mass pf the oscillator. 
Equatio~ 10. is due to Cottrell, Dobbie, McLain, and Read (6) and differs 
from Landau and Teller's result·in the pre-exponential term and the" 
hv sy1I111etrization term, exp(ZkT). These two terms are important for cal-
culations, .however, the general behaviour of the;transition probability 
is governed by the,exp(-3y*) term. Equation 10 has been used and mis".'" 
used by many.investigators.· Due to its simple form, it can easily be 
.;ipplied to most.systems andas a result, it,has became common practice 
to apply this theory to. any vibrational energy transfer proc~ss without 
considering the limitations impose.d by. the small perturbation assump-
tion and the form of the intermolec\llar potential. 
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At reasonable· temperatures, the exponential term of Eq~ation 10 
will dominate the temperature dependence of the transition probabili-
ties. Obviously, for this simple expressip.n, since a. > O, the transi-:-
tion probabilities will always increase.with temperature, Widom and. 
Bauer (2) have shown that a negative temperature dependence can be in-
traduced via the pre-expoI1eI1tail term, but their treatment of the . 
co2 - H20 system using this treatment has been shown t~ be~ncorrect 
(3). 
Slawsky, Schwartz, and Herzfield (20) have developed a quantum 
mechanical treatment of vibrational energy transfer. This treatment 
uses the method of partial waves. Mccoubrey has shown that for most 
molecules, this treatment gives the same result as the simpler Landau-
Teller Theory. Shin (21,22) has elaborated on the method of SSH and 
has demonst.rated the importance of the angle dependent· dipole-:-dipole 
and dipole-:-quadrapole forces in deter~ining the trat1sit~on probabil-
ities. His final expression for the probability of transferring one 
qu~ntum of vibrational energy during a collision is 
1) 2 
. 19x. 1 r <u · 
A exp[- 7kT + 42 <r(7/li)) 
3/2 
( ) 24ir (.!...) P T,angles = 19 kT 
1 4 ·2 P.3/4 x 1/4 3(4)2/3 
1 3 
r(12H<12> r <12>r<12> 
( . 7 · 10 ) (-L) (. kT )g + 
Do3 448 7 9 r~12)r <12> · r <12>r <12) 
D2/3 x 1/3 
1 
+ 19 13 2 r (12) 4 D D ....L] . kT h (1596) ( . 7 ) · .kT - 6kT + 2 
. r<12> ; 
2kT 
where x = 
l/2 . 12/19 









and the potential energy V is given by 
[ 12 6 s 4 ] V .. 4D (o/r) - (ofr) - (a/r:) t*g ..., (o/r) u*h. (12) 
t* - u* • 3µQ/8D5 4 
g -
e1 ~nd a2 are the angles of inclination of the molecular axis to 
the line of centers. ~ is the relative azimuthal angle. µ is the dipole 
moment and Q is the quadrapole mement. a is the energy transferred = hv 
where ~ is the frequency of vibration. 
The probability may be divided into an angle dependent part and an 
angle independent part . 
P(T, angles) = . P LJ (T) x f (T,angles). 
f(T,angles) can be expressed as 
f(T,angles) = exp(~g + Sh). 
Averaging over all possible angles, Shin found that 
<f> == exp(22) 
16(a2-a2) 
This treatment is·different from those theories which use, 




where o* is a constant related to the dipole moment squared, (23) since 
the angle dependence of the dipole"'"dipole contribution is accounted for. 
Shin's method applied to H20 predicts a nega~ve temperature dependence 
of the transition probabilities in tentative agreement with the experi-
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mental work of Fujii (24). 
Before using Shin's formalism to- calculate 'transition. pr.obabilities;, 
several limitations should be. diScussed. · First, there is an ill defined 
pre-exponential factor A in Equation 11. Secondll the possibility of v-r. 
energy transfer is not considered. Third, the angle.dependence has been 
averaged over all possible. angles · buf: has not be.en summed over all ro-
tational states. At low temperatures, the colliding molecules may not 
experience the average potential interaction but may feel preferred or-
ientation during the collision. Finally, the vector natur.e of. the dipole 
forces hasn't lieen fully considered. The transition probability in 
Equation 11 is a maximwn when a1 • a2 = 0 irregardl~ss of the molecule 
under consideration. For diatomic molecules, this condition seems 
reasonable but for polyatomic-molecules, there is no guarantee that when 
a1 .. a2 ., O, the molecule will be aligned·for the most efficient trans..:. 
fer of energy. 
Although Shin's method leaves much to be desired, it is at least 
a f:(,.rst. attempt to account. for the angle dependence of th.e intermolecu-
lar potential. The effect of this dependence on the transition pro-
babilities in .Ammonia is given in Figure 1. The limitations of. this 
method mentioned above.are only given to point out 1 that quantitative 
agreement with experiment should not be expected. The important: 
characteristic of this method, i.e., the ,negatbre temperature dependence 
of the vibrational transition probabilitiesll is observed in some mole-
cules. The above explanation is the only explanation available for 
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Figure 1. Effect of Angle Dependent Potential Terms on Energy Trans-
fer in Ammonia 
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Retation-Translation Energy Transfer 
There.is no general, simple theory.for R-T energy transfer analag-
ous to the Landau-Teller.theory for V-'-T exchange. Some work has been 
done. for non-polar diatomic.molecules witn excellent agreement with ex-
perimental,data (14).· Themulti-level character of.the rotational 
energy makes a more general treatment extremely difficult. Although a 
calculation of _the transition:probabilities involved.in.rotational re-
laxation iS at present· not possible,· the qualitative dependence. of the 
collision number on certain·moleeular parameters can be predicted. One 
way of determining how· the collision ntimb_er should depend on the dipole 
moment, mo\llent of inertia,.· and .temperature is given by Zeleznik (10). 
His method is primarily concerned·with treatment of thermal.conductivity 
data and as a result,.he assigns one collision number to the process. 
Although exact collision .numbers can not be obtained, .cer.tain ratios of 
special interest can be calculated. First, the dependence of collision 




µ • dipole moment 
a • molecular diameter 
n • coefficient of viscosity 
I •. moment of • inert.ia 
2 
e 11 C~) = function given in tabular for in Zeleznik's paper. 
The temperature dependence can be expressed as 
(16) 
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Z(l 1T) ' .. 
Z(l,T ) 
T 3 n1(T) 2 e11c1,T) 
c-· > E o J o 
To ni<T) ell(l,T) 
(17) 
0 
Evans found agreement with experiment· ( ') is impre~'sive f.o:r .two di-
atomic molecules considering the questionable manner in which Z has been 
assigned to 't' s found acoustie~l:l:y·. ·Latter· work by Hi\11.1 ·and Bass (25) 
indicates that the dipole dependence of the above eJ!:pression isn't valid 
for NO whic4 has a small dipole.moment. 
Vibration-Rotation Energy Transfer 
Cottrell and co-workers (5,6) first found that some molecules seem 
to exchange energy between vibration and rotation rather than between 
vibration and translation. They came .to this conclusion by comparing 
the relaxation times of several hydrides to their deuterides. V-T 
theory predicts that the deuteride should have ·,a· noticably shorter re-
laxation time due to a smaller oscillator frequency, however, for some 
molecules they found that the hydrides had relaxation times.approx!-
mately equal to the deuterides. This behaviour was later.observed.in 
other molecules by different investigators. 
The importance of v-r energy transfer wasn't fully appreciated or 
accepted until Moore (7) demonstrated that a qualitative v-r thebry 
could account for the short relaxation times of a large number of mole--
cules. In his paper, Moore established several criteria which he con-
sidered necessary if v-r transfer was to be more efficient than v-t 
processes. One of these is that I/d2 < M where I is the moment of 
inertia, d is the distance from the center of mass to the peripheral 
atom of the rotator, and Mis the reduced mass of.the oscillator. Fol-
23 
lowing his argument, for molecules with a· low moment" of ·iner.t.ia (par ... 
ticularly hydrides) the rotational velocity may-exceed.the translatic;>nal 
velocity. In th.is case; ·I ·determines the rotational velocity, hence th~ 
transition probabilities. Moore· replaced the reduced mass of the 
colliding pair in the Landau ... TeUer expression with· I/d4 and ... the ·trans ... 
lational relative velocity· with the rotational ve!Ocity ood •... With these 
substitutions and the exponential pot~ntial ·used before __ .for L~T theory 1 
he fc;>und:that· 
1 -- -ZlO 1 z 0 -l'l.1: 113/6 \)4/3. 13/3 1/6 --- 7 /-3 . ' ' ., 2 1/3 ' 0 719 e-x .. p.,[.-'l.78 · ( ;··v ) + -• . "] (18) - '23 2 '. T .·. 
where 
d T, Ma· d a T 
-1 v • vibrational-;f2equeney. of the osc;f..llator (cm ) 
Z • steric fact6r: 
0 
Moore found impressive agreement between z10 1 s calculated from Equation 
(18) and· those derived experimentally for ~olecules whe:re. I/d2 < M, 
The very simple form of the intermolecu,lar ,potent.ia~ and the very 
simple collision model Moore.uses.casts some doul>ts on.his conclusions, 
One can not, however, overlook the fact that he was able 1 to account for 
the anomalously high transition probabilit~es 6~ some 25 mole.cules. The 
large number of molecules fpr which Moores th~ory holds is in itself 
some justification for accepting, at -least in -part, his physical pic;ture 
of the collis~on. 
Shiel.d's and Burks (3) have_ developed a somewhat more realistic 
model.of v-r energy exchange. They assume that the time dependent-force 
acting on tQe oscillator .. is 




where w' is the angular frequency of the rotor, and ~ :ts a phase angle. 
F and a are adj\.\stable parameters and will be discussed later. Using 
0 
this form for the perturbation, they find: 
'ITIF 12 
p = ( 0 ) 
10 4hwMa.2 
-1/2 2 
[l + 4kT)] ··. exp[ -Iw + hw ] 
Ia.2 ykT + 2Ia.2 2kT 
where w is now the angular f·requency of the oscillator, I is the moment 
of inertia, and·the other parameters are defined above. 
' 
Shields has applied the above equation to co2/H2o-n2o-H2s-n2s (26) 
mixtures with excelaent results both in magnitude and temperature de-
pendence. Setting F = 24E/cr where E and cr are the Leonnard - Jones 
0 
potential parameters, gives good.agreement with experiment for the 
above molecules. Shields used a value of a equal to a. //jj:' where a is 
0 0 
the same for all molecules of the same type and µ is the reduced mass 
of the colliding molecules. For the above molecules, a. = 1.184 x 1014 
0 
-1 
sec gives the best agreement with experiment. 
The combined success of Moore and Shields in accounting for the 
high transition probabilities and later the temperature dependence of 
these probabilities leaves little doubt that v-r energy exchange is im-
portant in some molecules •. More recent calculations by Sharma (8,9) 
further supports this observation. 
CHAPTER III 
EXPERIMENTAL RESULTS 
Discussion of the Experimental Apparatus · 
Two instruments were used in this investigation. The first in-
strument used has been adequately described by Hi11<27 >. The second 
instrument.is similar to the.one built by Hill but elim,inates many of 
the problems encountered with the olqer spectrometer. The electrical 
systems were the same for the two instruments •. The gas.handling systems 
were similar except'ali tubing used with the new spectrometer was 3/8" 
and 1/.2" stainless steel. The stainless steel tubing offered greater 
safety at elevated pressures. The large diameter tubing allowed a much 
better pUJ;Dp rate than was possible with the prev:;l..ous instrument. 
The test chamber of the new spectrometer: is 304 Sta:;l..nless Ste.el 
heavy.wall tubing which provides excellent resistance to the corrosive 
gases. used in this investigation, except so2, and can irdi.stand tempera-
o tures up to l,OOOC. The tube is surrounded by a three.zone Linberg 
furnace which iscont~olled automatically with a thermocouple mounted in 
the center·of the furnace. The operator simply dials in a temperature 
and the controller keeps the temperature constant to.within 1°c, <28 ) 
The temperature profile in the tube is controlled by changing the power. 
into. the end·. zones. This profile is moni.tered by. a series of thermo-. 
couples spread along the tube. Since stainless steel is only a fair. 
conductor of heat, the temperature profile inside the tube should be much 
26 
flatter than on the outside. The magnitude of the temperature within 
the tube was measured'by inserting Argon and measuring the velocity~ By 
comparing this velocitywi:th·tabulated values, the temperature.could be 
found. to within 3% at room. temperature and to within 1% at l,ooo0 c. · 
More accuracy could possibly have been obtained but was not considered 
necessary. 
The base of the new spectrometer is designed in such a.manner that 
the rods maintain their alignment at all pressures thus alleviating one 
of the primary weaknesses of the previous'instrument. The rod holders 
are designed to .ease changing the rods and the instrument is permanerfrty 
aligned so periodic.rod alignment was not'required. Rod·aligmnent was 
checked twice during the series of measurements a~d·no corrections were 
necessary. 
The experimental absorption in.Helium near'room'temperature is 
given.for the old instrument in Figure 2 and for the new instrument in 
Figure 3. Both these graphs are based on the decrease in signal between 
only two points so they represent the worst possible experimental case, 
thus the deviations from the theoretical l:f_nes should be the greatest 
encounteted experimentally. Thetwo instruments give approximately the 
same scatter for Hel:f_um.. Figure· 4 gives the absorption in Argon measured 
with the new spectrometer. The excellent agreement with theory is partly 
fortuitous and partly due to th~ larger mass of Argon which leads to 
larger absorption. Generally, measurements of large coefficients of 
absorption were more accurate than low values except at f/P's above 100 
MHz. 
With the exception ·of the large mechanical coupling, the new in-
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the ·pulsed operation so long as· the ·Pulse Repetition Frequency (PRF) was 
kept below 30 c.p.s .. This low ~RF made. the signal difficult to detect 
cm the scope and at low pressures, the. signal became· extremely era tic. 
In the future, a boxcar integrato.r could ·be· used· to overcome this prob-
lem and improve the accuracy at high values of f/P keeping in mind the 
argument in Chapter II. 
Dissassembly of the apparatus is.very straightforward. No special 
precautions need to be taken except when qandling the quartz rods·~ These 
rods are very expensive and very easy to chip. Whenever a rod was chip-
ped, the chipped end was cut off with a glass saw and then lapped down 
by hand using sandpaper of varying coarseness. While sanding off the 
end, the.rod was mounted in a machine block which kept the surface to 
be ground perpendicular to the length of th~ rod. The error ·in flatness 
was less than .0001 inch.when the above procedure was. followed. 
Method of Analyzing Data 
Ultrasonic absorption and dispersion were measured in Sulphur 
Dioxide, Ammonia, Fluoroform~ and Hydrogen Sulfide at several tempera~ 
tures to obtain the vibrational and rotational relaxation times~ In 
addition, the absorption data collected by Hill for Methane was re~ 
analyzed to.obtain relaxation times and collision numbers which could be 
readily compared·to the other relaxation times obtained in this investi-
gation. Theso2 data was taken with the instrument designed by Hill. 
All other measurements were made with the new spectrometer. 
In order to extract the relaxation times from experimental data, an 
iterative procedure was. used. First, a likely set of T '.s were used to 
calculate the classical absorption using Equation (3) which was sub-
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tracted from the measured absarP'tion to obtain the experimental internal 
absorption. These.same i:'s were then used to C<;llculate.a theoretical 
internal absorption curve~ The square of the difference.between the 
theoretical curve and the experimental internal. absorption was SlllllI!led 
over all experimental points. The't" 1 s were then incremented a small 
amount and the process repeated over a. predetermined range of .i:' s. The 
set of i:'s which give .the smallest error were.chosen as the 11best" i:'s. 
In practice, if two or more relaxation times are to be extracted 
from the experimental data, the range of search for i: can not be mad~ 
very large due to limited computer time. To overcome this problem, the 
range on each i: was first made large as was the increment by which it 
was.changed. The fitst run gave a close estimate of the correct relaxa-
tion times. The interval was then decreased along with the increment 
so that the total number of points at which the error was computed re-
mained constant. This process was repeated until the desired accuracy 
in i: was achieved. This method of analyzing the data works well pro-
vided the error decreases continuously toward the corre.ct value .of i: 
over a range larger than the increment used. If this ·criteria is met, 
the true minimum will be found in the presence of many minima. When the 
error fluctuates rapidly with the i:'s, a relative minimum may be selected 
instead of the true minimum~ Normally, if a large number·(2Q .... 70) of 
da.ta points are obtained, the. error will converge rapidly to give the 
f 
best i:' s. 
The experimental velocity data.was used only to check the tempera-
ture and to insure.that dissociation was not taking place. When the gas 
began to dissociate, the velocity would rapidly increase with tempera-
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was not in equilibrium with: the test chambe-t· and>furnil.ce, 'the velocity 
would.increase.as a function of time. 
33 
The experimental absorption can be.measured with a maximum error of 
10%. Relating this experimental error in absorption to an.error in re-
laxation times is very difficult. Theerror in• with a fixed error in 
absorption d~pends upon the relaxation st:rength (specific heat) of the 
process being observed, the separation of different.relaxation peaks, 
and the.amount of .the relaxation curve covered in the experiment. A 
numerical method was employed.to compute the experimental error in 1'. 
This was done as follows, First, a set·of experimental points were 
selected from the theoretical.curve corresponding to the "best" set of 
•'s. The points were made to correspond in f/P to those measured ex-
perimentally. Next; an error between± 10% was randomly.assigned to the 
simulated points to get a simulated data set. This process was repeated 
until five simulated data sets were obtained. The data sets were then 
processed.as though they had been collected experimentally giving five 
sets of "best" •' s. 
This method of·error analysis has been applied to Ammonia and 
Hydrogen Sulfide. These molecules represent quite different relaxation 
strengths and relaxation peak separation,· For Ammonia, the simulated. 
data sets were used to obtain a feel for the variation of the error with 
the number of data points collected. To.do this, a.fixed number of 
simulated points were removed systematically from each of the .simulated 
d~ta sets so that the whole range of f/P was still covered. The results 
are given in Figure 6. The complete results of the error analysiS are 
given in Table I. The maximum % error obtained is the maximum variation 
between the nbest" t's for the real experimental data and the "best" •'s 
34 
TABLE I 
'·· RESULTS OF ERROR ANALYSIS 
.. -
No. of Data ·Max. % Error Avg~ % Error. Max. % Er.r.or Avg. % Error 
Points in T rot in T rot in T vib. in Tvib 
Ammonia at 27°C 
39 18 8 60 26 
29 27 15 76 44 
20 27 14 80 32 
10 30 19 73 52 
5 41 27 96 72 
Ammonia at 500°c. 
37 30 20 23 13 
Hydrogen Sulfide at 25°C 
30 10 5 17 8 
Hydrogen Sulfide at 400°C 
30 15 6 11 6 
70~ 
NH3 at 27°C 
~ 
e - ReBUlts or Numerical Error .Analysis tor '!Zv!b 
A - Results of Numerical Error Analysis tor T J 
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for tJie.simulated'experi.lnental data •. This maximum% error· is assumed to 
be the experimental error. 
Methane· 
Several investigators (l2) have meas_ured 'the vibrational and rota""'. 
' 
tional relaxation times.of CH4, however, the most complete set of data 
was obtained by Hill and Winter<29 >. Their.data.was analyzed using the 
method outlined in the previous·sectian to obtain relaxation times and 
c<;>llision numbers which would be consistent with the numbers obtained 
for other gases. Theanalysis was made assuming all vibrational modes 
relax in series with each other and in parallel with rotation. 
Methane is a synunetric top molecule. The H atoms form the base of 
a pyramid and the Carbon atom forms the apex. The lowest frequency vi-
. 0 
bration (0 • 1881 ) is the doubly degenerate bending mode. The gas used 
was Matheson CP Grade with a stated minimum purity of 99.9%. · The ro-
tational energy is given by E = J(J + l)A where A = 5.249 cnt1• rot o o · 
In. the energy range 300°K ± · 50°K, th.ere, is one rotational energy level. 
This represents the lowest density of states of any molecule included 
in this investigation. 
The analysis of the experimental absorption data yielded rotational 
and vibrational .relaxation times which are· smaller than those published · 
by Hill and Winter obtained from fitting both velocity and absorption 
data visually. Both methods give reasonable agreement with pr~vious re~ 
sults as shown in ~igure 7. An error analysis was not.made but due.to 
the high vibrational specific heat, 'vib for Methane should be more ac-
curate than 'vib for H2S while the 'rot, s shou:J,.d be of comparable ac-' 
curacy. The experimental absorption data along with the "best" theoreti-
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cal curves are given in Figures 10 through 13. 0 The 1073 K vibrational 
peak is not as lc:irge as predicted. This is probably due to either an 
error in the specific heat used or an error in temperature. The former 
is most probable since the measured velocity is close to that calculated. 
The relaxation times calculated using Equation 3 and the collision num-
bers are presented in Figures 7 through 9. The straight lines are only 
given for visual reference •. The molecular parameters used to analyze 
the data are given in Table II. 
The vibrational collision numbers for Methane behave with tempera-
ture as predicted by v-t theory. At 298°K, SSH theory gives S = 1.38 
µsec. C30) compared with f3 = 1. 26 µsec. found in this investigation. At 
574°K, SSH theory predicts S = .246 µsec. compared to S = .273 µsec• 
found experimentally demonstrating that v-t theory can predict both t~e 
magnitude and the temperature dependence of the relaxation times for 
CH4• It should be pointed out, however, that v-r.theory gives equally 
good results hence measurements on CH4 alone can not.determine the pro-
cess which is dominate. This determination has been made by comparing 
13 for CH4 to S for cn4• v-t theory gives 13(CH4)/S(CD4) = 2 at room tern-
perature while v-r theory predicts this ratio will be 1/2. Cottrell and 
Matheson(S) have·shown experimentally that this ratio is.about 1/2 in 
excellent agreement with v-r theory. Methane also meets Moore's cri-
teria for v-r energy transfer, M = 5 x I/d2• 
38 
Methane was quite a good choice as a.molecule.which probably ex-
changes energy v-r but has no dipole moment. The experimental results 
indicate·that in the absence of angular dependent potential terms, 'v-t 
theqry and v-r theory must have approximat;ely the same temperature de"'." 
pendence. Furthermore, this temperature dependence must be of the form 
1/3 exp-(kT) • 
Since the effect of angle.dependent terms seems negligible in CH4 
energy transfer, one might expect CH4 rotational collision numbers to· 
follow the general pattern established by Raff and Winter(l4) for non 
polar diatomic molecules, That is, as the rotational energy. l·evel 
spacing increases, ln z becomes less dependent upon temperature. The 
energy level density in CH4 is larger than that for H2 and n2 yet smaller 
than that for o2 and N2 • From the above argument, one would expect 
dz/ dT for cH4 to be greater than the·. corresponding ratio for H2 or n2 
but less than this ratio for o2 or N2 • This prediction is confirmed by 
the experimental results (see Figure .. 51). 
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TABLE II 
EXPERIMENTAL RESULTS AND MOLECULAR PARAMETERS FOR METHANE 
Thermodynamic!Prope~ties of Methane (31) 






-1 v1 (cm ) 
2916 














-1 v3 (cm ) 
3019 
Rotational Wavenumbers (32) 
A = B = C = 5.249 cm-l 
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CH 4 at 298° K 
• Experimental Points 
- Parallel Relaxation Theory 
t:.rot = 7. 7 x 10- 1~ sec 
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CH4 at 773° K 
• Experimental Points 
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Previous attempts to measure the vibrational relaxation time of 
Hydrogen Sulfide have been'unsuccessful. Geide (33) measur4.d room.tem-
perature. absorption and dispersion in the.· f/P range 1 Mliz. ... to; 100. MHz and 
concluded the vibration.relaxation.must lie below 1 MHz at.room.tempera-
ture. Shields (3'4l measured absorJ?tion and.· dispersi.on in the. f/P range 
100 KHz to.1.2 MHz and concluded the vibrationa:l rela~ation must ·lie 
above 1.2 MHz. Geide was able to observe the 'beginning of the rotational 
relaxation peak and assigned a collision n~ber of 30 to it. Recent· 
thermal transpiration measurements (35) indicate ·z t at room tempera-ro 
t~re should be about 4. 
The H2s ·molecule farms an isos:celes· triangle with the S atom at the 
apex. The lowest.vibrational mode (9 = 1704°) is the bending mode where 
the H atoms move together like sicssors'with the S atom at the apex re-
maining fixed. The other two modes are.the stretching modes where the 
H atoms move along the valence bands either in phase (9 = 3760°) or out 
0 of phase (0 • 3781 ). The rotational energy is a very complicated 
function of the three moments of inertia. Wang (36) has calculated the 
0 0 energy levels and in the energy range 300 K ± 50 , there are 27 al~?wed 
energy levels. Other molecular cons tan ts. requited to analyze the ab~. 
sorption data are given in Table III. Experimental viscosity values are 
only available to 200°c. Higher temperature values are from calcula-
tions by Krieger (37). 
Since previous investigators were unable tq observe vibrational 
relaxation at room temperatµte, these measurements were started at 383°K. 
0 
At room, temperature, Cvib ... 118R but at 383 K; Cvib = .238 thus the ab-
o sorption due· tc;> vibi-ational ,relaxation sho.uld. be much larger .at 383 K 
48 
than at 298°K. The 383°K ab.sorption, data shows. a definite peak due to 
vibrational relaxation occurring at about 5 MHz/atm. 
A mass spectrometer analysis of the gas showed less th.an 2% N2 as 
the only detectable impurity. Such an impurity should affect 'vib by 
less than 1%. This analysis along with the excellent stability in pres-
sure indicated no dissociation was occurring at 573°K. A dissociation 
would have introduced an excess of H2 into the gas, and if this occurred, 
the rotational relaxation of .the H2 present could be confused as a vi-
brational relaxation since the rotational relaxation time of H2 is in 
the region where vibrational relaxation of H2S seems to occur. At 
773°K, the H2S began to dissociate as indicated by a very slight in-
crease in pressure when the gas system was filled.with H2s and then 
isolated. This increase in pressure was accompanied by a small increase 
in velocity. 0 All measurements were made a 673 K and below. 
At ·room·. temperature, the absorption due to vibrational relaxation 
is so small that if higher temperature results were not available, this 
absorption would have.been attributed to an error in viscosity. The 
viscosity values, although unreliable, could not account.for the excess 
absorption at higher temperatures. The failure of the theoretical curve 
to match the experimental points at low values of f/P at·573°K and 673°K 
may .. be due to an error is viscosity. Such an error would make the re-
laxation times obtained.too large. 
When Geide measl,lred absorption.in.H2s, he was observing vibrational 
relaxation but had no way of knowing this since vibrationai relaxation 
contributes such a small absorption. The presence of vibrational re ... 
laxation could account, at least in part, for the high collision.number 
Geide obtained for rotation. The effect of disregarding the vibrational 
49 
absorption is illustrated with the experimental data'and nbest 11 theore-
ti cal curves in Figures 16 through 20. · At the two lowest temperatures, 
disregarding the vibrational relaxation results in a fair.fit to ex-
perimental data but this fit is poor at higher temper.atures. The relax-
ation times obtained by disregarding vibrational relaxation are con-
sistently higher than the actual rotational relaxation times. 
Figure$ 14 and.15 give the·vibrational and rotational collision 
numbers along with rotational· collision number due to Geide and thermal. 
··--· - _:·;_ ;:~ ·-· ... _ 
conductivity measurements. The vibrat1onal collision numbers at first in-
crease, then decrease with temperature. Such behaviour has been observed 
by Carran (38) et. al. for other molecules but their results are not 
nearly so conclusive. The change in Zvib with temperature can be dupli-
-5 cated to a fair degree using Equation 20with F = 7.55 x 10 dynes and 
0 
13 -1 a""' 4.7 x 10 sec • This value .of F b about twice that pi;edicted 
0 
from the Lennard-Jones potential parameters given by Mason and Monchick 
(23). If H2s is considered to be similar to the CO/H2S system, a 
should. be about 3 x 1013 sec-1• In an H2S/H23 collision,. the relative 
angular velocities must be considered, where in an H2s/co2 collision, 
only the rotation of the H2s molecule is important. It :is not too ~ur­
prising then that the value of a is quite different for the two situa-
tions. The use of v~r theory is further supported by recent measure-
ments on n2s by Shields (26) who 
theory predicts •(H2S)/•(D2S) • 
-8 found •(D2S) = 4.8 x ·10 sec. v-t 
1, v-r predicts this ratio will be .25, 
and experimentally the ratio is about ~5! 
If one interprets this slightly high experimental ratio to be.in-
dicative of the presence of v-t transfer to a small degree, the high 
temperature behaviour is easily explained~ Assuming v-t is present but 
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TABLE III 
EXPERIMENTAL RESULTS AND MOLECULAR PARAMETERS FOR HYDROGEN SULFIDE 
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Experimental Results for Hydrogen Sulfide 
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H2S at 298° K 
• Experimental Points 
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H2S at 383°K 
• Experimental Points 
Parallel Relaxation Theory 
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H2S at 473° K 
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H2S at 573° K 
• Experimental Points 
Parallel Relaxation Theory 
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H2S at 673° K 
•Experimental Points 
Parallel Relaxation Theory 
'trot= 3.9 x 10-9 sec 
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Figure 20.· Absorption in Hydrogen Sulfide at 673 With Parallel Relaxation Curves 
Vl 
-...J 
not·dominant·at room temperatur:e'and .. :reeogri.izing·that the cellision 
numbers for v-t processes.decrease with temperattir~, there should be 
some temperature where the decreasing v...,t collision numbers overtake 
tne increasing or'almost constant v-r collision numbers •. When this 
happens, the collisd.on number should vary with T approximately as pre-
dicted by v-t theory. Such a behaviour'is.noted,.in H2s. At low tem-




Previous·. work on Ammonia has yielded vibrational relaxation times 
which differ by two or three orders of magnitude. Cottrell and Matheson 
(39) and Strauch and Decius (40) critically evaluated those relaxation 
times extracted from experimental velocity data and found that the in-
vestigators had failed to correct adequately for gas imperfections. 
As a result' the only valid relaxation times in the literature are those 
of Jones, Lambert, Saskena, and Stretton.(41), Petralia (42), and Kell.er 
(43), The measurements made by Jones, et. al. cover by far the greatest 
range of f/P so they should be best suited for obtaining relaxation 
times. He and his co-workers found that vibration and ro,tation relax 
together (they assigned one .T to both processes) with a relaxation time 
of .735 nsec. at room temperature. They further found that the vibra-
tional relaxation times calculated from SSH.theory increase with rising 
temperature due to the effect of attractive forces becoming l~ss im-
portant with rising temperature. 
The NH3 molecule forms a pyramid with the Nitrogen atom at the 
apex and the three Hydrogen atoms as the base. The lowest frequency 
59 
vibration (6 = 1368°K) .. corresponds to the inversion of the Nitrogen 
atoms. Since NH3 is a symmetric top;·E =·J(J + l)A + K2 (B - A) rot o o o 
. -1 
= 9. 941 cm • In the energy range -1 (44) where A = 6.24 cm ·,and B 
0 0 
0 0 300 K ± 50 K there are 28 allowed energy levels. Other .molecular con-
startts requited for analysis of the experimental data are given in 
Table IV. 
Ultrasonic absorption was measured in the temperature range 300°K· 
to 1180°K~ 0 Above 773 K, the ·gas dissociated and the resulting relaxa-
tion times were unreliable, A mass spectrometer sample collected at 
953°K showed a 20% Nitrogen impurity while a sample collected at room 
temperature had only a .5% impurity. The measured absorption below 
773°K was too high to be accounted for by rotational relaxation alone, 
hence two relaxation times were assigned the process and the values of 
these parameters were extracted using the method previously discussed, 
The· internal absorption found exper:i,mentally was spread out more than it 
would have been if both rotation and vibration were relaxing together 
so both relaxation times were varied to fit the experimental data. The 
vibrational relaxation time at room temperature differed significantly 
from Jones' value due to the different methods used to analyze the data. 
The rotational relaxation times are comparable. 
The· experimental absorption data is presented ·in Figures 24 through 
29. The error bars on the absorption curves give an indication of 'the 
large error in internal absorption which is induced by only a 10% :"~rror · 
·~::~ ... ', 
in the total measured absorptiono The curves. for Cvib = 0 are. not·: exact 
but do give an indication of the magnitude of the rotational contribu-
tion to the int~rnal.absorption curve. The measured absorption clearly 
can not be accounted for by rotational relaxation alone. For f /P values 
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TABLE IV 













Thermodynamic Properties of Ammonia (31,37) 
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NH3 at 300° K 
• Experimental Points 
-Parallel Relaxation Theory 
'trot= .92 x 10-9 sec 
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Figure 24. Absorption in Ammonia at 300°K With Parallel and Single Relaxation Curves 
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NH 3 at 490° K 
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NH3 at 773° K 
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above 100 MHz/atm~, the exped..meni:al .error in absorption may., very well 
exceed 10%. The collision:numbers'derived from absorption measurements 
are given in Figures 22 and 23. ·Again, the straight lines represent 
the general temperature dependencepJ:edicted by 1-T theory. The vibra-
tional relaxation .times increase with increasing temperature as predicted 
by SSH Theory (Figure 21). The error bars on the relaxation times i'tnd· 
collision: numbers are 'derived from the numerical error analysis described 
previously. Even though the vibrational relaxation .times increase 
rapidly with temperature, the collision numbers decrease~ This is due 
to the increasing importance of the 2344°:mode at higher temperatures. 
Cottrell and Matheson (39) found Zvib for ND3 to be abo.ut .90. This 
investigation yielded a Zvib for NH3 at·room.temperature of 23 hence 
P10 (NH3)/P10 (ND3) = 4. This compares to a ratio of .~ calculated using 
v-t theory and a ratio of 1.3 using v-r theory. The large difference 
between experiment and theory could be attributed to two factors. First, 
Cotttell and Matheson have pointed out that the inversion of the NH3 
mc;>lecule might be very easy to exCite. Second, the large probabilities 
obtained from either v-r or v-t theory demonstrates that the small per-
turbation approximation upon which these theories are based is no longer 
valid. 
Sulphur Dioxide 
Several investigators have measured the v:Lbrational relaxation 
times of so2• Lambert and Salter (45) and later Shields (15) found that 
the dispersion and absorption due to vibra~ional relaxation.could not. 
be represented with a single.relaxation time. Lambert and Salter sug-
gested that the lowest energy mode. rel?xes separately from the two higher 
71 
modes which relax t:ogethe:r' .. b · ae:rt.es ;". Shields' '!e:tind ·t;hat the experi-
mental data could be reproduced by a theoretical curve assuming either 
three series processes or t:he ·two higher modes in s.eries and the lowest 
mode in parallel with these. By assuming different relaxation times, 
he found that·the tw© .treabnents eould be made mathematically equivalent, 
therefore, acoustic measurements .in pure so2 can not differentiate be,-
tween th.e two processes. The 01;dy rotational collision mimbers avail-
able in the literature were derived from experimental thermal conduc,-
tivity and thermal transpiration data. (10,35). 
The so2 molecule forms an isoceles triangle. The lowest vibration.,.. 
al mode(6 = 745°) is the vibration .of the 0 atoms like scissors with the 
S atom at the apex. 
0 .. 0 
The other two modes (6 2 = 1656 and 63 = 1956 ) are 
due to the 0 atoms moving along the valence bonds eithe.r in phase or out. 
of phase, A relaxation time Tl was. assigned to the lowest energy mode 
and a relaxation time T2, 3 was.assigned to the other two.modes. These 
were assumed to relax in parallel with rotatidn.and in parallel with 
each other• The result$ of this analysis are given in Figures 35 through 
43. The experimental data was also analyzed assigning a single rela:l(a..-. 
tion time to vibrational relaxation. 
The· analysis of the abs.orption data using three· relaxation times 
compares favorably with the results of Shields. At low and.high tern-
peratures the vibrational relaxation peak was in·the range.of the in,.. 
strument so the relaxation times obtained are quite accurate. At inter-
mediate temperatures, the.accuracy of the relaxation times was degraded 
since the entire absorption peak could not, be observed. The shape of 
the absorption peak is critical.when separating two relaxation pressures. 
During his analysis, Shields required the relaxation times obtained 
72 
by a least. squares fit to be proportional to the' concentration of Argon 
thus restricting the choice of 100% so2 relaxation times. This very 
probably accounts for tlie difference in reiaxation ti~es obtained by 
Shields and those found in this investigation. The analysis based on a. 
single relaxation. time for vibration gives T at first. .increasing then 
decreasing with temperature, an unusual phenomena. A correct analysis 
based on two relaxation titftes'shows the relaxation time of the lowest 
vibrational mode increases with temperature; however, the collision 
numbers decrease with increasing temperature but·not exponentially with 
-1/3 T · as predicted by L-T theory. The relaxation time of the highest 
energy vibrational modes behaves classically as does.the associated 
collision numbers! 
The rotational energy levels are given approximately loy the rela-
tion E = J(J + 1) (A + B.) + K2 (A - ~(B. + c0 ) (44) where A = 2.024 rot o o o o o 
-1 -1 -1 cm , B = .3442 cm C = .2935 cm J ;.,0,1,2, ••• , and K::. Cl,l, ••• ,J. 
0 . b 
0 0 . 
In the energy range 300 K .± 50 K there are approximately 30 energy 
levels. This energy level density is slightly greater than NH3 and H2S. 
The rotational relaxation times increase with increasing temperature as 
do the rotational collision numbers. These results. are compared with 
the results of Das Gupta.and Storvich (35) in Figure 34. The excellent 
agreement between thermal transpiration numbers and acoustic.numbers 
is the first such agreement observed~ In the past, thermal conductivity 
measurements. in so2 have yielded rotational collision numbers from 1 to. 
3 some increasing and some decreasing with temperature (10). The change 
in Z with temperature is much less than one would predict based on rot 
the density of rotational energy states and large .dipole moment. In 
view of this discrepanay, the ultrasonic velocity was examined to deter-
TABLE V 
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mine if a different· result.would have been obtained using .vrelocity data. 
This examination showed that;·if veloc:i,ty were used, all the relaxation 
times would have been· increased s.lightly but the slope of ln Z vs 
rot 
T-l/3 woul·d i ti 11.. h ·d rema n essen a y unc ange • 
A sample of the SEl2 used·was taken from the ultraso.n.ic.instrument 
and analyzed in a mas~ spectrometer. The analysis indicated a 2% N2 im-
purity. This same impurity was. found in several other samples and may 
be a result of the samp1ing·method. The error introduced by this im-
purity if the impurity is actually present'can be estimated using Equa-
tion 2.118 from Cottrell and Mccoubrey (12). 
= + 
't 
where L is the observed relaxation time, A is the mole fraction of so2, 
Bis the.mole.fractio-p. of N2, 'AA is the actual relaxation time in so2 , 
and·'AB is the relaxation .time of a gas in whic\l only N2 - so2 collis-
ions occur. This latter quantity can be estimated using the results of 
Shields for so2/Ar mixtures as about 25 x 10~7 sec. hence the impurity 
should introduce an error in • of about .4% which is insignificant. 
1'either v-t or v-r theory can predict the odd .temperature dependence 
of Zi.• Corran, Warburton, Lambert and Salter (38) have e~plained this 
behaviour. in a qualitative manner. They as'sert that the ohserved tem-
perature dependence is the result of pref eTred alignment during collis-
ions due to long range dipole.,..dipole forces. As the.temperature in-. 
creases, such a preferred alignment should become less impo.rtant ·due to 
more rapid·. rotations of the molecules~ This explanation is further sup-
ported by this investigation. Referring to Figure 32 note that at high 
75 
TABLE VI 
EXPERIMENTAL RESULTS FOR SULPHUR DIOXIDE 
T (°K) 8 'l x 10 (sec) zl '2,3 x 10 
7 (sec) s2 x 10 7 (sec) z2 
290 4,6 460 6.9 4.4 4,900 
298 5.1 460 6.4 4.1 3,900 
418 6.7 390 . 3.2 1. 7 1,200 
528 8.7 360 3.3 1.7 870 
662 8.0 290 2.8 1.5 700 
668 8,3 260 2.6 1.4 540 
792 9.3 230 2.2 1.1 360 
901 8,9 180 1.8 .90 240 
1090 8.9 140 1.5 • 76 160 
T (°K) 10 (sec) T t X 10 z rot ro 
290 3.4 3.7 
298 3.0 3.3 
418 5.0 3.7 
528 7.0 3.9 
662 10. 5.4 
668 13. 6.2 
792 12. 4.8 
901 13, 4o7 
1Q90 20. 6.0 
T(°K) 
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Figure 30. Vibrational Relaxation.Times at the Lowest Energy 
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Figure 31. Vibrational Relaxation Times of the Highest Energy 
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Figure 33. Vibrational Collis.ion .Numbers for the Highest Energy 
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S02 at 290° K 
• Experimental Points 
-Parallel Relaxation Theory 
't'rot= 3.0 x 10-10 
L'1=4.6x10-s 
t'23=6.4 x 10-1 
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'trot= 3.4 x 10-IO 





Figure 35. Absorption in Sulphur Dioxide at 290°K With Parallel and Single Relaxation 
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S02 at 298° K 
• Experimental Points 
-Parallel Relaxation Theory 
'trot= 3.0 x 10-10 sec 
t:1 = 5.1 x 10-s sec 
't2,3 = 6-4 x 10-7 sec 
--- Single Relaxation Theory 
'trot = 1.8 x 10-10 sec 
'tvib = 5. 88 x 10-s sec 
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Figure 36. Absorption in Sulphur Dioxide at 298°K With Parallel and Single Relaxa~ 
tion Curves 00 N 
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S02 at 528° K 
• Experimental Points 
- Parallel Relaxation Theory 
trot = 7. 0 x 10-10 sec 
t 1 = 8.6 x 10-s sec 
't'2 = 3.3 x 10-1 sec . 
--- Single Relaxation Theory 
'trot= 6.0 x 10-10 sec 
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S02 at 662° K 
•Experimental Points 
-Parallel Relaxation Theory 
· 'trot= 10.0 x 10-10 sec 
't'1 = 8.0 x 10-s sec 
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502 at 668° K 
• Experimental Points 
- Parallel Relaxation Theory 
'trot= 1.3 x 10-9 sec 
t 1 = a.ox 10-s sec 
't'2 = 2.6 x 10-7 sec 
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S02 at 792° K 
• Experimental Points 
-Parallel Relaxation Theory 
t'rot = l.2 x 10-9 sec • 
ti= 9.0 x 10-s sec 
t:2,3 = 2.0 x 10-1 sec 
--- Single Relaxation Theory 
'trot= I.Ox 10-9 sec 
i= vib = 1.4 x 10-1 sec 
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S02 at 901° K 
• Experimental Points 
- Parallel Relaxation Theory 
t'rot = 9.0x10-10 sec 
'r1 = 9.0 x 10-s sec 
t2 = 2.0 x 10-1 sec 
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S02 at 1090° K 
• Experimental Points 
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temperatures, not only do .the vibratienal. colliston ntmlber.s approach the 
linear dependence predicted by L-,T theary but· the slope of ln Z "b vs 
vi 
-1/3 T . for z1 approaches that· for z2• 
Fluoroform 
Vibrational relaxation ir'l. Fluoroform has been measured by Fogg, 
Hanks, and Lartlbert (46) and Levgold and Amme (47). The only rotational 
collision number in the literature is that obtained from the thermal 
conductivity data of Crapo and Flynn (48). Their value seems much too 
low as is typical with collision numbers obtained from thermal con-
ductivity data. An explanation for these small collision numbers has 
been formulated by Zeleznik (10) who questions the entire procedure for 
obtaining colli;sion numbers from thermal conductivity data. 
There seems to be some question in the literature whether CHF3 is a 
synnnetric top with IA= IB = IC (32) or with IA= IC= IB (10). The 
-40 2 latter seems more reasonable which leads to IA= 5o52 x 10 gm cm and 
IB = 32.854 x l0-40 gm 2 cm • The lowest vibrational mode is doubly de-
generate with 8 = 731°K. Other parameters used for evaluation of the 
experimental data are given in Table VII. The gas used was purchased 
from Matheson with a stated purity of 98%. 
The vibrational relaxation times are in excellent agreement with the 
results of Levgold and Amme (Figure 44). The temperature dependence is 
very classical closely following V-T transfer theory. This result de-
monstrates that a large dipole moment does not assure the collision num-
bers will behave anamalously with temperature. The rotational collision 
numbers seem to at first decrease then increase with temperature (Figure 
45). This odd dependence is probably due to experimental error in the 
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rotational relaxation .times0:0whd.eh .is quite laTge iri this me.1ecule due 
to the very high classical absorption associated with the large vibra-
tional specific heat (Figures 46 ·through 50). · · Measurements at f/P > 60 
MHz/atm were not possible due to this high absorption. 
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TABLE VII 
EXPERIMENTAL RESULTS AND MOLECULAR, PARAMETERS FOR FLUOROFORM 
Thermodynamic:Properties of Fluoroform (31) 
Mass = 70.02 ·a.m.u. Frequehcy = 1 MHz 
T (°K) 3 (poise) C /R n x 10 y p 
299 .1448 1.192 6.221 
373 .1784 1.165 7.304 
473 .2266 1.142 8,254 
573 • 25 75 1.126 9.200 
723 .3101 1.113 10.00 
Vibrational Frequencies (32) 
-1 -1 -1 -1 -1 -1 v1 (cm ) v2 (cm ) \) 3 (cm ) v4 (cm ) \)5 (cm ) \)6 (cm ) 
3035 1140 700 1378 1152 508 
Experimental Results for Fluorof orm 
T (°K) 7 (sec) 7 109 (sec) 'vib x 10 S 'b x 10 (sec) z 'b 't rot x z Vl. Vl. rot 
299 2.6 1.9 1600 1.0 8.9 
373 3.5 1. 8 1300 1.2 8.4 
473 3.1 1.3 760 1.3 7.4 
573 3.2 1.2 580 2.7 14. 
723 2.4 • 77 320 3.8 16. 
T {°K) 
1000 500 400 300 4 
--~~----~..---..~---~~-r-~~-.-~~~~-.-~~-,10 
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e - This Work 
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CHF3 at 300° K 
• Experimental Points 
- ParaUel Relaxation Theory 
1:rot = LO x 10-9 sec 
't:vib = 2.6 x 10-7 sec 
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CHF3 at 373° K 
• Experimental Points 
- Parallel Relaxation Theory 
't'rot = 1.2 x 10-9 sec 
t'v1b= 3.5 x 10-7 sec 
f /p (MHz/atm) 
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CHF3 at 473° K 
• Experimental Points 
- Parallel Relaxation Theory 
't'rot = 1.3 x 10-9 sec 
t"vib = 3.1x10-7 sec 
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CHF3 at 573° K 
• Experimental Points 
- Parallel Relaxation Theory 
t'rot = 2.7 x 10-9 sec 
t:'vib = 3.2 x 10-7 sec 
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CHF3 at 723° K 
• Experimental Points 
- Parallel Relaxation Theory 
'trot = 3.8 x 10-9 sec 




Figure.SO. Absorption in Fluoroform at 723°K With Parallel Relaxation Curve 
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CHAPTER IV 
SUMMARY OF RESULTS 
Discussion of Vibrational Relaxation Results 
The primary purpose of this investigation was to iµvestigate the 
role of v-r energy transfer and intermolecular potentials in determining 
the temperature dependence of the vibrational relaxation times. With 
this general objective in mind, the experimental results for individual 
molecules will now be examined to determine wha.t each contributes to 
this investigation. 
The dominance of v-r energy transfer has been most firmly estab-
lished in CH4• This determination was made by Cottrell and Matheson (5) 
and later by Moore (7) without the benefit of this investigationo At the 
present time, the only reason other than v-r energy transfer which might 
explain the variation of T(CH4)/T(CD4) from v~t theory is a differenqe 
in multipole moments between CH4 and cn4• In the absence of a better 
explanation, v-r energy exchange will be assumedo For CH4 , the varia-
tion of the vibrational collision numbers with temperature is the same 
as that predicted by v-t energy transfer theory. A v-r theory using 
the same exponentially repulsive potential assumed by Landau and Teller 
for v-t energy transfer gives.the same temperature dependence. The re-
sults in CH4, then, demonstrate that not only does v-r energy exchange 
not assure an anomalous temperature dependence of vibrational collision 
numbers, the correct temperature dependence is determined by an expo-
1 ()() 
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nentially repulsive intermolecular potential. 
Once the dominance of v-r energy exchange has been assumed for CH4 , 
a similar assumption seems valid, even required, for H2S and NH3 due to 
the ratio of I/d2 divided by M which is small for all these molecules. 
H2s and NH3 constitute the second'group of molecules studied, that is, 
molecules which seem to exchange energy v-r and have large dipole mo-
ments. By comparing dZ/dT for these molecules with dZ/dT for CH4 , the 
effect of the large dipole moment can be isolated since v-r.energy trans-
fer has been assumed for all three. Annnonia is not an ideal molecule 
for this comparison. Cottrell and Matheson(39) have proposed that the 
vibrational energy exchange in NH3 is primarily due to an easily excited 
inversion of the molecule. If this is the case, and the results of this 
investigation do not prove otherwise, the factors studied in this inves-
tigation (v-r energy transfer and large intermolecular forces) may not 
determine the energy transfer probability. For this reason, H2S will be 
considered the best example of a.molecule which has a large dipole mo-
ment and exchanges energy v-r studied in this investigation. 
The vibrational collision numbers for H2s at first increase then 
decrease with temperature. Comparing this behaviour with that of CH4 
which also is presumed to exchange energy v-r, one can conclude that the 
effect of the large dipole moment is to establish an anamalous tempera-
ture dependence of the vibrational collision numbers. Such a conclusion 
is, for now, based only on the results for one molecule and can not be 
considered to be true in general. Even the fact that the vibrational 
collision numbers in NH3 do not decrease as rapidly with temperature as 
predicted by L-T theory can not give broader support to this conclusion 
since other factors may lead to the observed temperature dependence in 
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NH3• All that can be said at this stage is that v-r energy transfer 
coupled with large angle.dependent intermolecular forces and possible 
other factors results in a vibrational collision number in H2s which at 
first increases then decreases with temperature. 
The third group of molecules considered do not meet Moore's criteria 
for v-r energy transfer but do have a large dipole moment. The vibra-
tional collision numbers of the lowest energy mode in so2 behave some-
what like the vibrational collision ntimbers in H2S, Although a definite 
maximum in the vibrational collision numbers for so2 was not obse:rVed in 
this investigation, variation form simple L-T theory was definitely ob-
served. In the case of H2S, v-r theory was used to explain this anamal-
ous behaviour, however, such an explanation is not so readily available 
for so2• The results in Fluoroform which is also in the third group of 
molecules studied, establishes that the presence of a large dipole mo-
ment does not in itself insure that the vibrational collision numbers 
will vary from the temperature dependence predicted by L-T theory, The 
vibrational collision numbers in Fluoroform do, in fact, follow the tem-
perature dependence predicteq by L-T theory. 
The results of this investigation seem to end with a puzzle. Bas-
ically, the problem is as follows, H2s which exchanges energy v-r and 
so2 which exchanges energy v-t both have large dipole moments and their 
vibrational collision numbers both depart from the temperature dependence 
predicted by L-T theory. The results in H2s can be explained.in terms 
of v-r exchan~e. A similar explanation might also hold true for so2 
since it has one low moment of inertia. This is only supposition, how-
ever, since there are at least two other explanations~ The first of 
these is that both H2s and so2 vibrational collision numbers are the re-
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sult of the preferred alignment postulat~d by Corran, Lambert, Salter, 
and Warbutton. This investigation certainly does not' disprove such a 
hypothesis. The results in CHF3 could be explained as the result of a. 
non-preferred orientation. The temperature dependence of the vibration-
al collision numbers of all three of these polar molecules could then be 
explained in a qualitative manner using this explanation, Another pos""'. 
sible explanation is that the results in so2 and those in H2S are in no 
way related. The results in H2s could then be explained using v-r theory 
and the results in so2 might be explained in.terms of preferred orienta.,.. 
tion. The proplem for a theoretician is to determine which of these ex-
planations, if any, can lead to correct quantitative results. 
Before leaving the discussion of vibrational relaxation, one other 
facet must be pointed out. That is, just because t increases with tern-
perature doesn't mean the collision number increases with temperature. 
An example is Ammonia• The increase in the relaxation time in Ammonia 
is due to the presence of several relaxation processes. As the specific 
heats of the vibrations with longer relaxation times increase, the ob-
served.relaxation time will increase even though the collision numbers 
of all.· the processes are decreasing with temperature. This phenomena 
might explain the peculiar temperature dependence observed by Harris 
(49) in air where the processes are the relaxation of N2 and o2 by H20. 
As the temperature increase, the absorption due to the relaxation of N2 
by H20 may become more and more important. Another poss.ible explanation 
is the v~r.theory of Shields and·Burks (3) which has been given further 
experimental confirmation by this investigation. 
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Discussion of Rotaticnal,:Relaxation Results. 
The secondary purpose. of this investigati.ori was to investigate· the 
temper~ture dependence' of the rotational relaxation times of polyatomic 
polar molecules. Even. though rotational .. and vibrational relaxation 
should be independent, one interesting aspect should be noted concerning 
their relaxation times. That is, d ln "vib/dT is very nearly equal.to 
d ln "rot/dT for those molecules where d ln "vib/dT > 0 (H2S, S02, and 
NH3). This result can not:be explained at the present time other than 
to point out .that· plotted vs T.,.l/3 the ln of; the relaxation times of 
most mol,.ecules will not vary greatly frotn ,any other. The agreement 'be-
' tween d ln 1' .b/dT and d .. ln 'L t/dT is very probably fortuitous. 
vi ro 
The rel!lainder·of this discussion will be divided into two parts. 
First, the results of teleznik's theory (10) will be compared to the ex-
perimental results. ·Second, since a.great deal of data has now been 
collected, on the rotational relaxation times of .numerous molecules (11, 
25,27,29), a qualitative determination of the factors affecting Z will 
rot 
be made. The limited ·applicability of Zeleznik's theory makes such a 
determination desirable until such time as a more general theory can be 
formulated which can be readily applied tb any polyatomicmoleculeo For 
the purposes of this discussion, .the asstimption will be made that dZ t/ ro 
dT a T113 • Based on the experimental results to date, this assumption, 
though not exact' does give a good indication of .the temperature de-
Pendence of Z .• ·· ·rot 
Zeleznik's theory has been applied to the polar polyatomic molecules 
examined in this investigationo With the excej>tion of so2, this theory 
gives fair agreement with the observed,temperature dependence as shown 
in Table IX. The dipole d~pendence predicted by theory is not .nearly so 
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good as is shown in Table X. Since Zeleznik's theory is strictly clas-
sical, the temperature dependence agreement clearly indicates that for 
molecules with strong intermolecular forces, these forces dominate the 
temperature dependence of Z • This does not indicate or even imply 
rot 
that the increasing energy level spacing characteristic of rotation does 
not affect Z since all the polar molecules examined have about the 
rot 
same energy level density near 300°K. This density is about o3 energy 
states/°K for each. 
There are two factors whic4 might be expected to affect the rate at 
which Z increases with temperature. These are the energy level den-rot 
sity and .the intermolecular forces. The former effect has been es tab-
lished by Raff and Winter. Their results show that as the energy level 
density increases, idZ/dTI increases, The latter effect has been theo-
retically established by Zeleznik and experimentally by Evans. Con-
sidering only the non-polar molecules in Figure 51, the effect of the 
energy level spacing is as expected without except.ion. The effect·of 
intermolecular potential on dZ/dT is not so obvious. For example, so2 
has a greater energy level density than o2 as well as larger intermole-
cular forces which leads to the conclusion that large intermolecular 
forces decreases !dZ/dTI, If this is the case, then !dZ/dTI for HCl 
a~d NO should not be greater than that of N2 and idZ/dTI for H2S should 
not be greater than that for CHF 3• 
Failing to find a correlation between dZ/dT and the total inter~ 
molecular potential (implied by the boiling points of the molecules), 
a term by term examination of the intermolecular potential was made. 
The strength of the dipole-dipole forces clearly can not account for the 
large difference between so2 and NH3 or between CHF3 and H2s. If dipole-
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MOLECULAR PARAMETERS USED IN R-T THEORY 
Ammonia 
M = 17.032, ~ = .7, a =·3.15A, E/k = 358 °K, I= 3.348 x l0-40 
.2 max, -18 
gmcm., µ = 1.477 x 102 esu·cm 
T T* Q(2,2) E* 
300 .839 1.89 .871 
415 1.16 1.57 .874 
490 1.37 1.46 . 883 
612 1. 71 1.34 .885 
773 2.16 1.21 .904 
Hydrogen Sulfide 
M ~ 34.08, 8 = .21, a = 3.49A, E/k = 343 °K, I = 3.869 x l0-40 
max· 
gmcm2, µ = .92 x l0-18 esu•cm2 
T T* Q (2' 2) E* 
298 .855 1. 74 .871 
383 1.13 1.50 .877 
473 1.38 1.36 .889 
578 1.67 1.26 .900 
683 1.99 1,18 .910 
Sulphur Dioxide 
M = 64.063, 8 = .42, a = 4.04A, E/k = 347 °K, I = 63.49 x l0-4o 
max 
2 -18 2 gmcm , µ = 1.63 x 10 esu•cm 
T T* Q (2' 2) E* 
290 .836 1. 79 .873 
298 • 860 1. 76 .873 
418 1.20 1.50 .881 
528 1.52 1.36 • 893 
662 1.91 1.23 .907 
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TABLE VIII (Continued} 
T T* n(2,2) E* 
668 1.92 1.23 .907 
792 2.28 1.16 .919 
901 2.60 1.11 0923 
1090 3.14 1.01 .933 
Fluoroform 
M = 70.09, 8 = .5, a = 4.33 ~' E/k = 240 °K, I = 103.6 x 10-40 
2 max. 
gm·c~ , µ = 1.645 debye 
T (OK) T* n (2, 2) E* 
299 1.24 1.32 .881 
373 1.55 1.25 .890 
473 1.93 1.16 .904 
573 2.39 1,06 .918 
723 3.02 .985 .929 
873 3.64 .930 .937 
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TABLE IX 
COMPARISON OF·EXPERIMENTAL AND CALCULATED Z ts ro 
.Ammonia 





300 1.00 1.00 
415 • 91 ' 1.24' 
490 .91 1.46 
612 2.1 1. 88' 
773 2.0 2.36 
Sulphur Dioxide 
290 1.00 1.00 
298 • 8.9 1.03 
418 1.0 1.44 
528 1.1 1.86 
662 1.5 2.34 
668 1. 7 2.38 
792 1.3 2.96 
901 1.3 3.49 
1090 1.6 4.18 
Hydrogen Sulfide 
298 1.00 1.00 
383 1.0 1.15 
473 1.4 1.38 
578 1.9 1. 73 
683 2.2 2.07 
Fluoroform 
299 1.00 1.00 
373 .94 1.39 
473 .83 1.91 
523 1.6 2.32 







H S 2 
NH3 
TABLE X 
RATIOS OF ROTATIONAL COLLISION NUMBERS FOR 
POLAR MOLECULES AT ROOM TEMPERATURE 
Molecule B Z(A,T )/Z(B,T ) 
0 . 0 
Exp 
NH3 .34 
H2S • 46 
CHF3 .37 
NH3 .73 
CliF3 • 96 
CHF3 1.0 
110 










dipole forces are assumed,. to increase I dZ/'dT I, the slope for o2 compared 
to H2S, and so2 can not be explained. If this force is assumed to de-
crease ldZ/dTI as predicted by Zeleznik, the large slope for NH3 can not 
be explained when compared to so2 or H2s. Next, the quadrapole moments 
were examined to try to find some correlation. This comparison gave much 
better results. Assuming a large quadrapole moment decreases ldZ/dTI, 
one would order the slopes as o2 > H2 > NH3 > N2 > HCl > so2:HBr. With 
the exception of H2, this correlation is exact and H2 can readily be ex-
plained, by the large energy level spacing. Quadrapole moments for H2S 
and CHF3 are not available so a comparison could not be made. The slope 
of CH4 can not be explained since it has zero quadrapole moment, however, 
it does have significant higher order poles~ 
Conclusions 
Based upon the experimental results of this investigation, several 
conclusions .can be drawn. When doing so, however, the reader should 
keep in mind that only five molecules were examined in this study. As 
a result, the conclusions, especially those concerning vibrational 
energy transfer, can not be considered to be true in general. 
With respect to vib.rational energy transfer, the following conclu-
sions can be drawn. First, the presence of v-r energy transfer or large 
dipole moments do not guarantee that the vibrational collision numbers 
will not follow the temperature dependence predicted by Landau and 
Teller. Second, the vibrational collision numbers in H2S increase then 
decrease with increasing temperature. Shields and Burks' theory for v-r 
energy exchange can reproduce experimental results in H2S provided 
suitable parameters are chosen and provided v-t energy transfer is pre-
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sumed dominant at high temperatures. Third, the vibrational collision 
numbers of so2 do not follow Landau-Teller theory at low temperatures 
but do appraocli L-T theory at high temperatures. The behaviour of Z 'b 
Vl 
with T in so2 can be explained qualitatively in terms of a preferred 
orientation during collisions. Fourth, the vibrational collision mem-
bers in Ammonia decrease only slightly with temperature. This result 
is not inconsistent with Cottrell and Matheson's theory for an easily 
excitable inversion of the NH3 molecule. 
The rotational relaxation investigation results in the following 
conclusions. First, Zeleznik's theory is fair at predicting the temper-
ature dependence of the rotational collision numbers of polyatomic polar 
molecules. Second, the dependence of the rotational collision numbers 
on the dipole moment predicted by Zeleznik's theory is too great for NO 
and H2S which have dipole moments of less than 1 debye. Third, there 
seems to be some correlation between the molecular quadrapole moments and 
the temperature dependence of the rotational relaxation times. Fourth, 
acoustically derived rotational collision numbers can agree with those 
collision numbers derived from thermal transpiration measurements. 
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A.FPENDIX A 
PREPARATION AND PROCEDURE USED FOR TAKING 
VELOCITY-AND ABSORPTION MEASUREMENTS 
Due to the toxic nature· of most, of the gases ·us.ed in this investi-
gation, along with the explosiveness of H2s, several steps were taken be-
fore each series of measurements'to insure the operator's safety and to 
give the best possible experimental results. The following discussion 
gives the step by step procedure followed in this investigation. 
First, several weeks before an anticipated measurement, the system 
was evacuated. The system was heated to facilitate the removal of 
moisture. The tubing could not alway~ be heated so several days were 
required for optimum pump down of 5µ. During this period the system 
was frequentl,y checl.<.ed for·leaks. A leak rate of lµ/hr. was.considered 
acceptable. This procedure was followed each tim~ the vacuum system 
was exposed to the atmosphere. In addition, the system was checked for 
leaks immediately before and after each series of measurements. 
Second, all available information on the gas to be used was read. 
The Chemist"ry-Physics Instrument Shop has a copy of Metals Handbook, 
Vol. 1 (50) which indicates how reactive the proposed gas is with the 
sta:J_nless steel tube. If ·the gas reacts too violently (greater.than 50 
my), it was not used in the stainless steel tube. Safety precautions 
given.in the Matheson catalog were followed. This required purchasing 
a gas mask and installing an explosive gas·regulator for use with Hydro-
1 1 i:: 
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gen. Sulfide. The first aid .. suggestions in· the Matheson. catalog were 
placed in an obvious location. The gas in use,was written on the chalk 
boar~i. If the gas to be used was e:itplosive, a. NO SMOKIN'G sign was 
placed on.the laboratory door. 
Two· or three days before the measurements began, the .. gas cylinder·.: 
was.placed in the hood and·a regulator,was installed.while the exhaust 
fan was on and the furnace off. The regulator.was first checked 'for 
leaks on a Helium bottle using· soap bubbles· then rechecked on the test · 
gas bottl~. The regulator outlet was connected to tie vacuum system 
and checked for vacuum leaks up to the check valve on the regulator, 
Next, a small amount of gas was introdueed into the system, usually 10 
to 20 nun .Hg. The gas cylinder was turned· off and the pTessure was -ob-
served for several hours. If no reaction was indicated, the system was 
filled to near atmospheric.pressure and a116wed'to stand overnight. The 
pressure was again checked for any indication of leaks or.reactions. 
In the absence.of leaks or reactions, the system was again evacuated 
for at least 24 hours. When using H2s, a gas mask was worn whenever 
the cylinder valve was open. 
Third, on the.day measurements were to begin, the'electronicequip-
ment was tur~ed on and gas intro~aced into the system. The system was 
evacuated. and refilled to flush the syste1n, The entire apparatus was 
then allowed to set one hour. At the ~nd of this time period measure-
ments were begun. The amount of·attenuation required to maintain a pre-
determined signal level was recorded for five different rod separations. 
Usually, the change in attenuation was pred~termined at 3db, 4db, or 5db 
and the change in rod separation required to produce this attenuation 
was recorded. The velocity measurements were obtained as suggested by 
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Hill. The absorption data was plotted on a graph with attenuation on one 
coordinate and rod separation on the other. The absorption in db/in 
was then found. The absorption could be determined by measuring the 
change in attenuation between only two points, however, additional points 
served to establish a more accurate straight line on .. the graph reducing 
the experimental error. Atteµuation data was collected .for about 15 
values of the pressure between atmospheric and 5 mm Hg by.evacuating the 
system in steps. The system was-. filled with new gas ... and .this process 
repeated for an.other 15 data points. The· system was again evacuated 
and the next temperature to be used was dialed into the .control console, 
The data was then analyzed making a new graph for each different pres-
sure, calculating the absorption and velocity and entering this infor-
mation on IBM cards. Analyzing the data took the remainder of a day so 
the chamber had about 20 hours to come into equilibrium at the new tem-
perature. At temperatures above 250°C, air was forced through the 
cooling jackets to protect the Vitqn 0-Rings, Whenever the temperature 
was increased, the gas was checked for dissociation and reactions with 
the tube, Dissociation was evidenced by a pressure rise, and an increase 
in velocity. This was confirmed, by taking a mass spectrometer sample, 
Reactions with the .stainless steel were detected by unexpected pressure 
drops. 
After the series of measurements were complete, the entire system 
was flushed with Nitrogen. The pump oil was changed, the gas regulator 
removed, the gas cylinder recapped and the regulator flushed while 
wearing a gas mask. The entire system was again evacuated awaiting a 
new series of measurements. 
APPENDIX B 
COMPUTER PROGRAMS USED TO ANALYZE DATA 
Five programs were used.to analyze the absorption and velocity data 
and to make the theoretical.calculations reported. These programs are 
described below. The numbers refer to the numbers acttially on the pro-. 
grams. 
Program 17 - This program is used to c~lculate the parameters 
e(z; 2) and Z(l,T)/Z(l,T) required in Zeleznik's theory. The input con-
o 
2 0 sists of M(s.u.), cr(cm), I(cm gm), T( K), Q(2,2), and E*. 
Program 18 - This program corrects the experimental velocity data 
for non~idealality~ For a complete discussion of this correction, see 
E11an's Ph.D~ Dissertation (11). The input consists of T(°K), y, C /R, 
p 
B, R = .831E 08, M(a.u.), y = 0.0, and F(Hz). 
Program 27 - This program was used to analyze absorption data. 
The "best" relaxation ti:mes are found provided they lie within the range 
of TalMIN - TAlMAX and TA2MIN - TA2MAX. The theoretical curve .used for 
comparison is a parallel relaxation curve with two relaxation times. 
Input is as follows. 
1. Card 1 - Number of data points plus four and the name of the 
gas. 
2. Card 2 - Maximum and minimum values of 'l and T2 in microseconds 
arid the increment by which they are changed while searching for the best 
set of T's. 
11 a 
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3. Card 3 - Viscosity (poises), y, k = O.O, C /R, T(°K), and F(Hz). . . p 
4. Card 4 - Mass . (a.u.) 
5. Remaining cards are data cards with Pressure•(mmHg), Velocity 
(cm/sec), and Absorption (db/in). 
Program 30 - This program is similar to Program -27. except a third · 
relaxation process is considered. The data is first run . .through Program 
27 then the rotational relaxation time is entered on car.d 4 .as a con-
stant and two •' s are used to fit the vibrational r.ela.xatiem peak9. The 
vibrational specific heats·are calculated from the characteristic tern-
perature of vibration. The input is the same as Program 27 except for 
0 Card 3 which has Mass (a.u.), 6( K) for the mode associated with .-1 , 
e2 (°K), and T . in microseconds. · rot 
Program 30 is used to generate simulated data sets with up to ± 10% 
experimental error~ The experimental data is used as input and the com-
puter prepares five n~w sets of data with card output. 
APPE:NDIX C 
ABSORPTION AND DISPERSION OF ULTRASOUND IN GASES 
Consider an infinitesimal cube of material as shown subjected to a 
stress represented by a stress tensor T ..• 
1-J 
-+ 
Let t 1 be the force per unit area acting in the a1 direction on the 




a. 2 direction on this surface• atid T3 be the force per unit area acting 
-+ 
in the a. 3 direction on .. the same surface. By definition of Tij' 
Tl= Tll (x1 + dx1 ) 
T2 = T21 (x1 + dx1) (1) 
T3 =· T31 (xl + dxl). 
-+ -+ -+· 
On the rear .surface; the force per unit area in the, a.1' a.2 , and a.3 di-
rections• respectively are 
(2) 
Expanding Equations (1) about x1 , subtracting Equations (Z), and multi-
plying b~ the area gives· for the, total :force on the front and rear. sur-
fa.ces, 
Similar expressions are obtained for the remaining four faces of the 
cube. Vectorially adding the forces· on all faces gives 
= (4) 
-+ 
where Fi is the force on.the cube in the a.i direction. Using Newton's 
Second Law, F = m ~, Equation (4) can be written as 
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Equation (5) is the equation of motion for the cube of material in 
Figure 1. 
The cli.ange in the amount of gas contained in our differential 
voltmle element dx1dx2dx3 in a time interval dt must be equal to the 
amount flowing into the faces less the amount flowing out. The mass 
-+ 
flowing into the -a1 face is pu1 (x1):dx2dx3 where uj denotes the com-
-+ 
ponent of velocity in the a,j direction. The mass flowing out of the 
-+ 
a1 face is pu1 (x1 + dx1)·dx2dx3 hence the net increase in mass due to 
contributions from these two faces is 
(5) 
(6) 
Expansion of pu1 (x1 + dx1 ) about. pu1 (x1), and. adding the ccmtributions 
from the other faces gives the net increase of mass in the volume, 
am 
at = (7) 
The mass, m, is the density, p, times. the volume, dx1dx2dx3 , so Equation 
(7) can be written as 
~ at + 
3 
E A (puj) = O. 
i=l oXJ 
(8) 
Let p = p + op and assume op « p which is the acoustic approximation. 
0 0 
Using this approximation, Equation (8) becomes 
22... = 
at 
_ f P (auj) 
i=l o Clxj 
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(9) 
Equation (9) is the. equation of continuity of mass as it ·will be used in 
this dissertation. 
Before proceeding further some assuril.ptio-ps. nuist be made as to the 
mathematical form of the stress teµsor, T. .• Ideally, this tensor would . 1J 
be obtained by solvi~g the Boltzmann equation and several such attempts. 
have been .made. Greenspan -(51) discusses several sue:cessive approximate· 
sqlu1;:ions. and experimentally shows· that the sec9nd order approximation is 
8 accurate at frequencies below 10 Hz at one atmosphere of pressure. The 
remaining derivations in this section will be based on this approximation. 
The results of the third order approximation will be 'discussed later. 
Using the form used by Bhatia (52), 
Tij = (-P + n' V•u) oij + 2 n eij' 
where P = hydrostatic pressure, 
n' = second coefficient of viscosity, 
n 
+ 
= dilitation = V·~ 
= shear viscosity, and 
= strain = ~(a~i + a~j). 
Clxj · Clxi 
Combining Equations (5) and.(10), 
dui 
p dt = · 2 a ~ + { n v ui + .(n + n') ( ) } • axi Clxj 







with respect to time, and combining with Equation (9), 
a u. 
p __ l. =· 
o at2 
a 2 a 3u. 
+ ~t {n 'iJ ui. + (n + n') -(~)} 
0 ax. ax. 
l. J 
(13) 
For one-dimensional motion, u2 111 u3 = o, and 




Cn' + 211) d 
a ul 







Assume the motion is plane harmonic, so 
(15) 
Combining Equations (14) and (15) gives 
(16) 
Next consider the effects of ,heat conduction. According to Kirch-
+ 
hoff's law, the heat flow into our volume in the a1 direction is 
m ~. = - v (aT ) dx dx 
dt . Clxl x.:.x1 2 3 
(17) 
where v = thermal conductivity. 
The heat flowing out of the volume is this same term evaluated at 
+ 




Multiplying by the mass of one.mole, and dividing by the mass, gives 
(19) 
Using the First and Secondlaws of thermodynamics, 
(20) 
Using the\,a~oustic approximation and f~rther assuming that the acoustic 
wave is···aqiabatic 1 
\ . 
dQ •. :c~dt · - ™2 • (aP/aT)Pdp. 
Po 
(21) 
Differentiating EquatioI). (21) with respect to t:Une~ and substituting into 
Equation (19) gives 
(22) 
Let the temperature and density variations associated with the.sound wave 




Substituting Equatio~s (23) .into Equation (21) gives 




Writing Pas a function af w and·T. and differentiating with respect'to 
time gives, 
aP -. -at <aP) oT p oT at 
Let P vary harmonically with time and space, so 
oP = P - P0 = D exp[i(wt - kx1)], 
(25) 
(26) 
Substituting Equations (23) and (26) into Equation (25) and eliminating 
oT using Equation (24) gives 
c 
... · (aP/ap)T ( P 
c v 
2 - ik v M/p w 
.. 2 ·. . 0 ) • 
- ik v M/p w 
0 
Substituting Equation (27) into Equation (16) gives the propagation 
consti;lnt in a mediutn where no relaxa,tion processes at"e involved,, 
= 
' -1 C - ik2v M/p w -1 -l 
{l + ,'iw <n' + 2n) .1.. <aP) ( ..... P-· -~--0-) } 
po op·T C - ik2v M/p w 
v 0 
Next, the effects of thermal relaxation will be introduced into 
(27) 
(28) 
the equation,for the propagation constant, Consider 1the volume of gas 
being compressed and·allowed to expand in one diIJ].ension due·to an ul-
trasonic wave. Upon ·compression, the local temperature of the gas in-
creases from its equilibrium value of T0 to an instantaneous value T , tr 
If· the compressional wav.e is of long duration (low frequency), the in-
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ternal energy of the gas associated with the molecular. vibrations and ro-
tations will come into equilibrium with the instantaneous temperature 
T • tr The time required for- an internal degree of freedom to come within 
e-1 of its equilibrium value is defined as the "relaxation, time" (T). 
The frequency of the ultrasonic wave determines how close the in-
". ternal degrees of freedom are allowed to approach their equilibrium 
values. That is, if the frequency of the wave is. large compared to l/T, 
the internal degrees of freedom associated with T will be very nearly in 
equilibrium with T at any time. 
tr 
If l/f = T, the internal energy will 
-1 
differ from its equilibrium value by a factor of e , If l/f << T, the 
internal degrees of freedom associated with T are never excited, and the 
acoustic wave will behave as though those degrees of freedom are not 
possible. When this situation occurs, the degrees of freedom so affected 
are said to be "relaxed". 
The effect of a "relaxing" degree of freedom may be incorporated 
into an analytical discussion by using the value of the specific heat of 
the system which changes as the number of effective degrees of freedom 
changes. The specific heat can be written as 
= c + c. trans int (29) 
The effects of relaxation can now be introduced into Equation (28) by 
writing (C ) ff in place of C and (C ) ff in place of C • An alterna-v e v p e p 
tive methc;:>d involves writing the bulk viscosity, b, as a function of 
frequency where b = n' + 2/3n. Choosing the first method, Equation (28) 
becomes 
where 
BT 1 + iw· (4/3 n/BT) • { (Cv) eff - iWk2H (Cp) e~f 
BT= po(aP/ap)T 
W = vM/p w 
0 
and b = O. 
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(30) 
This is Bhatia's 
k2 










v eff L .l 
(Cp) eff (C) eff 
(31) 
Bhatia next assumes that, except for the first term, replacing the ef-
fective .specific heats with the static specific heats is a good approxi-
mation. Evans, Winter, and Bass (53), have shown experimentally that 
such an approximation is good only when v << n. This is generally true 
only for heavy gases. 
The next step in the development of the absorption and dispersion 
equations is the derivation of an expression for (Cp)eff as a function 
of frequency, pressure, relaxation times, and molecular constants of the 
gas. Let Ei be the instantaneous energy associated with the ith degree 
of freedom and E' (Tr) be the value this energy would have in equilibrium 
at a temperature Ttr" The relaxation time for the ith internal mode can 
then be defined by the equation 
dE' 
i - -- = dt-
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_!_ [ E ~ - E ' (T . ) ] 
T. l. tr (32) 
l. 
If the specific heat of the ith mode, Ci_, doesn't-vary significantly 
with temperature over the range of oT associated with the acoustic.wave, 
EI - EI . = c ~ (TI - T ) 
i 01. 1 i 0 
(33) 
where T0 is the static temperature, and E~i = the equilibrium energy 
at that temperature. T' is the temperature associated with the instan-
i 
taneous energy E~ and is defined by Equation (33). Combining Equations 
(32) and (33), 
TI - T + T ~ (T' - T ) = T - T • (34) 
i o dt' i o tr o 
Ttr - T0 varies hannonicaliy in time from Equation (23) so Ti_ 
also vary harmonically with time which leads to 
or 






T - T tr o 
1 + iW T. 
1 
1 









d T + L: 
tr i=l 
C' d T' 
i i 
- n i = (C + L: C' ~)dTtr(37) 
v i=l tr 
where C = C v trans 
n = number of internal modes 









1 + iWT. 
l 
(38) 
This value of (Cv)eff is substituted into Equation (31) to give the 
final expression for the propagation constant, 
n C' n C'. 
c + i~l 
l c + i~l 
l 
k2 Po v l+iWT. Po v l+iwT, 1 -=-{ 
C'. 
l} - { C! l} { C'. w2 BT n BT n n l l -l c + • L: 1 c + i~l c + i~l p i= 1 + iWT. p l+iWT. v l+iWT, 
l l l 
1 4 Po - n 
C' n C'. 
} iWk2 - i /c l } C'. iw • - Tl - {C + L: l+iWTi +. L: l+iWT. - n 3 B 2 v i=l p i=l c + igl l T l p l+iWT. 
l 
This is the form used in all calculations in the following sections. 
Although this equation is easily manageable on a computer, the physical 
meaning of this result is not clear. In order to put this equation in 
the form used in most books, set k = w/v - ia where a = coefficient of 
absorption. Assume (Cp)eff and (Cv)eff in all but the first term in 
Equation (39) are approximately equal to C and C • Further, assume 
p v 






(C -C )w -r 
p v + 
2 2 _w_ [n 
3 3 
+ l (Y-1) ~] 
4 c (40) 
where -r' = 
0 




v Po p 
-r 1 , and C and C are the values of the specific p v 
heats at frequencies slightly lower than the frequency at which C' be-
gins to relax. Equation (40) is frequently written as 











+ ~ i [n + 1 (y-l) l]. 1 
3 p 4 c y 
p 
(41) 
For experimental purposes, the quantity f/P is the quantity of impor~ 
tance. In Equation (41), w can be replaced by 21T f/P without changing 
the result provided the relaxation process involves only binary col-
lisions. This will not be obvious until after the discussion of proba-
bility of energy transfer. 
So far, the thermal conductivity has been considered a constant as 
has the viscosity. Mason and Monchick (23) have shown that the thermal 
conductivity is a rather complicated function of the relaxation times 





= 1 + 2. ..!... 4 c 
v 
and replacing Cv with (Cv)eff gives 
9 n c. 
v = .!l. {l + - R [C + l: 1 ]} 




Equation (45) was used for the thermal conductivity in all calculations 
reported in his dissertation. 
Before closing this section and proceeding to theoretical expres-
sions for the T, 's, a word should be said about the results of using a 
1 
more accurate stress-strain relation. Greenspan (51) has shown that 
the best relation to use for some monatomic gases is the Burnett expres-
sion. He also derives an expression for the propagation constant in 
terms of the frequency, pressure, specific heats, and other molecular 
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constants. The effects of relaxation can be introduced by means of a 
frequency dependent specific heat as was done here for the Navier-Stokes 
relation. Next; the expression would have to be expanded in powers of 
v and n to get an expression analagous to Equation (39). Such a develop-
ment is beyond the scope of this investigation. 
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